Proximity Effect Enhancement Induced by Roughness of SN Interface 
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Critical temperature reduction AT C is considered for a thin film of a layered superconductor 
(S) with a rough surface covered by a thick layer of a normal metal (N). The roughness of the SN 
interface increases the penetration of electrons from the normal metal into the superconductor and 
leads to an enhancement of the proximity effect. The value of AT C induced by the roughness of 
the SN interface can be much higher than AT C for a film with a plain surface for an extremely 
anisotropic layered superconductor with the coherence lengths £ a ,fb 3> £<:• 

PACS numbers: 74.60. Ge, 74.20. Ha 
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Proximity effects are determined by the penetration of 
electrons from the normal metal into the superconductor 
and by the penetration of Coope£.-pairs from the super- 
conductor into the normal metaLot! A dramatic manifes- 
tation of proximity effects is the reduction of the critical 
temperature AT C of a thin superconducting film covered 
by a thick layer of a normal metalE In the case of an 
isotropic superconductor with a plain SN interface the 
value of AT C within—the Ginzburg-Landau approach is 
given by the formulad 
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where 7 ss 0.74 is a numerical factor, £(0) is the coher- 
ence length at zero temperature, d is the thickness of the 
superconducting film (d ^> £(Q)). 

Proximity effects in anisotropic high-temperature cop- 
per oxide superconductors are currently under thorough 
experimental and theoretical studyJj The reduction of the 
transition temperature for an anisotropic superconductor 
depends on the orientation of the SN interface relative to 
the symmetry axes of the superconductor. The value of 
|AT C | is maximal when the SN interface is perpendicu- 
lar to the axis corresponding to the maximum value of 
the coherence length. For an anisotropic superconductor 
with a rough SN interface the local orientation of the film 
surface relative to the symmetry axes is varying along the 
surface. A certain average value of £ 2 (0) appears then in 
Eq. (H). Depending on the roughness this average value 
can be determined by the highest of the coherence lengths 
even if for the same orientation of a plain surface AT C 
is determined by the smallest of the coherence lengths. 
Therefore, for a strongly anisotropic superconductor the 
roughness of the SN interface can drastically increase the 
proximity effect. 

In the present paper we treat the reduction of the crit- 
ical temperature AT C for a rough superconducting film 
of an anisotropic superconductor covered by a thick layer 
of a normal metal and located on top of a substrate from 
an insulator with a plane surface (z = 0), where the z 
axis is along the c direction and the xy plane is paral- 
lel to the ab planes. The average thickness of the film d 



is considered to be bigger than the coherence lengths at 
zero temperature £^(0) (/U = a, b, c), i.e., d ^> £ M (0). We 
assume that the roughness is small and describe the SN 
interface as z — zs(x, y) = d+ f(x, y), with \ f{x, y)\ -C d 
and a zero average value (/) of f{x, y) 



dxdy f(x, y) = 0, 



(2) 



where A is the area of the film. The typical length scale 
I of variations of the film thickness f(x,y) is considered 
to be from the interval £ M (0) < I <C £ M (T). 

To find the reduction of the transition temperature we 
treat the Ginzburg-Landau free energy 
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where the order parameter ^ depends on the three co- 
ordinates x, y, and z in the case of a rough SN interface 
and H c is the critical magnetic field. To account for this 
dependence and to find the value of J- we use a trail 
function in the form 



$ = y) cos 



2[d + f(x,y)Y 



(4) 



This function satisfies to the standard Ginzburg-Landau 
boundary conditions at the film surfacesB 



= 0, 2* 

=d+/(x,iO dz 



= 
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and to find $>(x,y) we have to minimize the free energy. 

Substituting Eq. (0) into the functional (||) and assum- 
ing that l/l <C d we obtain after integration over z 
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where i — a,b, fi — df/dxi, and = d^/dxi. Min- 
imization of the free energy (g) results in the following 
equation for <&{x,y) 
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We are interested in a solution of equation (Q) imposed 
by the roughness of the SN interface. This solution has a 
length scale of the order of the length scale I of variations 
of the film thickness f(x, y). We take $(x, y) in the form 



$ = $ + *i(x,y), 



(8) 



where $o = Const, |$i| <C $0i an d length scale of 
y) is of the order of I. It follows then from Eq. (0) 
that with the accuracy of \ f(x,y)\/d C 1 we have 
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Finally, using Eqs. (||), (||), and 
Ginzburg-Landau free energy 
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we obtain for the 

(io) 



where = AdH^ /128w. The temperature of the 
superconducting-to-normal transition is determined by 
the change of sign of the coefficient at $q in the equa- 
tion ( |l0| ) for the free energy. Taking the temperature 
dependence of the coherence lengths near T c as 



= 7^(o)(i-t/t c ; 
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we obtain the reduction of the transition temperature 
AT C in the following final form 



AT C 
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In the case of a plain SN interface the slopes fi = and 
Eq. ( [l2l) coincides with Eq. (|J). For a rough SN inter- 
face there is an enhancement of the proximity effects, the 



higher is the anisotropy the higher is this enhancement. 
A considerable enhancement of the reduction of the criti- 
cal temperature appears for an extremely anisotropic lay- 
ered superconductor with 3> £ c even if the roughness 
is relatively moderate (/?) ~ 1. Assuming, for simplic- 
ity, that £ a = & = Cab and (/ 2 ) = (/ 2 ) = (/ /2 ) we derive 
from Eq. jl2] ) a simple formula to estimate the effect of 
the roughness of the SN interface on AT C , namely, 



= -1.35 



£c 2 (0) +L07(/ , 2) £ab(0) 
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In conclusion, we have studied the reduction of the crit- 
ical temperature for a thin rough film of a layered super- 
conductor covered by a thick layer of a normal metal. We 
have found that in the case of an extremely anisotropic 
layered superconductor the roughness of the SN inter- 
face can significantly increase the reduction of the critical 
temperature compared with the case of a plain film. 
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